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Abstract

This Total Maximum Daily Load (TMDL) addresses total dissolved gas (TDG) in the mainstem
Columbia River from its confluence with the Snake River to its mouth at the Pacific Ocean. The
states of Oregon and Washington have both listed multiple reaches of the Lower Columbia River
on their federal Clean Water Act 303(d) lists, dueto TDG levels exceeding state water quality
standards. The entire reach is considered impaired for TDG. Oregon and Washington are jointly
issuing this TMDL and submitting it to the U.S. Environmenta Protection Agency for its
approval.

Elevated TDG levels are caused by spill events at four hydroelectric projects on the Lower
Columbia River. Water plunging from aspill entrains TDG at high levels. High TDG can cause
“gas bubble trauma” in fish, which can cause chronic or acute effects, depending on TDG levels.
Spills can be caused by several conditions. “Voluntary” spills are provided to meet juvenile fish
passage goals. “Involuntary” spills are caused by lack of powerhouse capacity for river flows,
Involuntary spills can result from turbine maintenance or break-down, lack of power load
demand, or high river flows. Elevated TDG levels also enter the TMDL area at the upstream
boundary from sources outside the TMDL area.

ThisTMDL setsa TDG loading capacity for the Lower Columbia River in terms of excess
pressure above ambient. Allocations are specified for each dam and for the upstream boundary,
also expressed in terms of excess pressure. Allocations for the dams must be met at points of
compliance within each dam’ stailrace at a specified distance below the spillway, corresponding
to the end of the aerated zone. The upstream allocation must be met in the pool above McNary
dam.

An implementation plan is provided that describes short-term compliance with Endangered
Species Act requirements. Long-term compliance is described for both Endangered Species Act
and TMDL requirements.

Page vii



Acknowledgements

The Oregon Department of Environmental Quality and the Washington State Department of
Ecology wishes to acknowledge the cooperation of the following agencies in the production of
thisTMDL.

* TheU.S. Army Corps of Engineers (Portland District, Walla Walla District, and Northwest
Division) provided extensive technical information for this TMDL. Large tracts of the
technical analysis have been quoted or paraphrased from the Corps Dissolved Gas
Abatement Study (DGAS). This TMDL would have been much more difficult without the
understanding of total dissolved gas production resulting from the DGAS study.

» The National Marine Fisheries Service provided vauable advice and review. The Biological
Opinion issued in December 2000 pursuant to the Endangered Species Act was invaluable in
describing the studies that have been conducted to date, and in specifying the effects of total
dissolved gas on fish.

* TheU.S. Environmental Protection Agency provided financial and technical assistance.

» TetraTech and Battelle Northwest Laboratories provided review and technical input.

» TheWestern Governor's Association played amajor role in outreach.

* The ColumbiaRiver Inter-Tribal Fish Commission provided invaluable review and
coordination. Staff from the Y akama, Nez Perce, Colville, Spokane, and Kalispel Tribes

also contributed to the process.

» TheBonneville Power Administration, U.S. Bureau of Reclamation, and Grant County
Public Utilities District provided review and input.

Nothing in this TMDL purports to represent the technical or policy positions of any of the above
agencies or organizations. Any flawsin this TMDL are entirely the responsibility of the
Oregon Department of Environmental Quality and the Washington State Department of Ecology.

Page viii



Executive Summary

Description of Waterbody, Pollutant of Concern, and
Pollutant Sources

This Total Maximum Daily Load (TMDL) addresses total dissolved gas (TDG) in the mainstem
Columbia River from its confluence with the Snake River to its mouth at the Pacific Ocean. The
states of Oregon and Washington have both listed multiple reaches of the Lower Columbia River
on their federal Clean Water Act 303(d) lists due to TDG levels exceeding state water quality
standards. The entire reach is considered impaired for TDG. Oregon and Washington are jointly
issuing this TMDL and submitting it to the U.S. Environmental Protection Agency for its
approval.

Elevated TDG levels are caused by spill events at four hydroel ectric projects on the Lower
Columbia River. Water spilled over the spillway of adam entrains air bubbles. When these are
carried to depth in the dam’ s stilling basin, the higher hydrostatic pressure forces air from the
bubblesinto solution. The result is water supersaturated with dissolved nitrogen, oxygen, and
the other constituents of air. Fish in thiswater may not display signs of difficulty if the higher
water pressures at depth offset high TDG pressure passing through the gills into the blood
stream. However, if the fish inhabit supersaturated water for extended periods, or rise in the
water column to alower water pressure at shallower depths, TDG may come out of solution
within the fish, forming bubblesin their body tissues. This givesrise to gas bubble trauma,
which can be lethal at high levels, or giveriseto chronic impairment at lower levels. Thereis
extensive research reported in the literature on the forms of physical damage to fish that
represent the symptoms of gas bubble trauma.

Spills can occur at any time for several reasons:

» Fish passage spills (voluntary spills), conducted under the Biological Opinion in compliance
with the federal Endangered Species Act.

» Spillsrequired when flow exceeds powerhouse capacity (involuntary spills).

There are three main reasons for involuntary spills:

» The powerhouse cannot pass flood flows.

* The powerhouseis off-line due to lack of power demand.
* The powerhouseis off-line for maintenance or repair.

Dams on the Lower Columbia are run-of-the-river dams with very little storage capacity.
Therefore, spills are often forced due to operational decisions at upstream storage reservoirs,
such as Washington’s Grand Coulee Dam or Dworshak Dam.

This document describes the production of TDG at the four projectsin the Lower Columbia
River. It presents general production equations representing the production of TDG, and specific
eguations taking into account each project’s particular physical characteristics. Any other
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sources of TDG inthe TMDL area, such astributaries, are considered negligible compared to the
four dams. TDG isalso affected by barometric pressure and water temperature, and these
influences are addressed in the TMDL.

Description of the Applicable Water Quality Standards and
Numeric Target

The water quality standards for both Oregon and Washington have an identical TDG criterion:
110 percent of saturation not to be exceeded at any point of measurement. This criterion does
not apply to flows above the seven-day, ten-year frequency flow (7Q10) flood flow. In addition,
special “waiver” limitsfor TDG have been established as atemporary special condition in
Washington rules, to alow higher criteriawith specific averaging periods during periods of spill
for fish passage. Oregon rules specify a process for establishing waiver limits as variance on an
annual basis. Because the waiver limits are either temporary or annually renewed, this TMDL
addresses only the 110 percent criterion. However, the implementation plan allows compliance
with waiver limits through 2010 as an interim allowance for compliance with the TMDL in the
short-term.

Loading Capacity

Loading capacity for TDG has been defined in terms of excess pressure over barometric pressure
(AP). This parameter was chosen because it can be directly linked to the physical processes by
which spills generate high TDG, and it has a simple mathematical relationship to TDG percent
saturation. A loading capacity of 75 mm Hg has been assigned to the Columbia River in this
TMDL area, based on meeting 110% saturation during critically low barometric pressure
conditions.

Pollutant Allocations

Because of the unique nature of TDG, load allocations for dam spills are not directly expressed
in terms of mass loading. Like loading capacity, load alocations for each dam will be made in
terms of AP defined site-specifically for each dam. A load alocation is aso specified for the
upstream boundary of the TMDL area. The wasteload allocation under this TMDL is zero,
because no NPDES-permitted sources produce TDG.

Long-term compliance with load alocations for dam spills will be at the downstream end of the
aerated zone below each spillway. Distances are specified for the compliance location at each
dam. Asaresult, the load allocation must be met in the spill from each dam individually at a
specified compliance location, with allowance made for degassing in the tailrace below the
spillway and above the compliance location.

Compliance with load allocations are tied to structural changes at each dam, and are intended as
long-term targets. Short-term compliance will be established under the implementation plan, and
will be based on operational management of spills, implementation of the “fast-track” DGAS
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structural modifications, and compliance with Endangered Species Act requirements and TDG
waiver criteria.

Margin of Safety

A margin of safety is supplied implicitly by use of conservative critical conditions for ambient
barometric pressure. The common occurrence of wind-induced degassing in the TMDL area also
provides amargin of safety. The TDG criterion itself provides a margin of safety dueto its
stringency as compared to site-specific effects documented by extensive site-specific research on
TDG and aquatic life in the Columbia River. Due to extensive data collection in the TMDL area,
the margin of safety for data uncertainty is small.

Seasonal Variation

Spills and associated high TDG levels, athough most likely to occur in the spring and early
summer, can potentialy occur at any time. Therefore, TMDL load allocations apply year-round.
Seasonal effects have been evaluated in the development of critical conditions, but seasonal
variations appear to be small. The TMDL only applies for flows below the 7Q10 flood flows,
which have been calculated for each dam.

Monitoring Plan

Long-term compliance with load alocation will be monitored at the compliance location below
the aerated zone with special studiesin the tailrace of the dam, following structura
modifications. Also, continuous monitoring will be used for long-term compliance by
determining the statistical relationship between continuous monitors and conditions at the
compliance location. Monitoring of implementation and operational controlsin the short term
will use continuous monitoring at fixed monitoring station sites.

Implementation Plan

The Implementation Plan incorporates actions described and analyzed by the National Marine
Fisheries Service in the Biological Opinion and by the U.S. Army Corps of Engineersin its
Dissolved Gas Abatement Study. Both short-term (Phase I) and long-term (Phase I1) measures
are described with specific TDG and spill reduction measures. Phase | isin effect through 2010.
Phase Il beginsin 2011 and continues until 2020. The Implementation Plan has been devel oped
in consultation with the National Marine Fisheries Service, so that TMDL implementation will
be coordinated with requirements of the Endangered Species Act.

Reasonable Assurance

Structural work has aready been carried out to reduce TDG at the four Lower Columbia River
dams. Both the Oregon Department of Environmental Quality and the Washington State

Page xi



Department of Ecology have regulatory authority over the four federal dam projects. However,
both are confident that the collaborative effort with the dam operators toward reducing gas will
continue and be enhanced through this TMDL. The track record for Congressional funding for
these projectsis good, and there is reason to believe that further funding of projects will
continue.

Public Participation

Extensive public involvement activities, organized by the inter-agency TMDL Coordination
Team, have occurred under this TMDL for over ayear. Activities have included websites,
focus sheets, coordination meetings, stakeholder meetings, conference presentations, and public
workshops. Public hearings were held in March 2002 (see Summary of Public Involvement
section of this report).
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Introduction

State water quality standards establish criteria at levels that ensure the protection of the water’s
beneficial uses. Water that fails to meet water quality standards triggers a state action in Oregon
and Washington. The Oregon Department of Environmental Quality and Washington State
Department of Ecology are charged to assess, manage, and protect the beneficial uses of the
waters of their respective states.

A number of waterbodies fail to meet water quality standards. Oregon and Washington are
charged with returning waterbodies to standards. The requirement under the federal Clean Water
Act for achieving thisis known as a Total Maximum Daily Load (TMDL).

Oregon and Washington have established criteriafor total dissolved gas (TDG), which at high
levels has del eterious effects on fish and other aquatic life. This document detailsa TMDL
approach for TDG in the mainstem Columbia River from the mouth of the Snake River to its
mouth at the Pacific Ocean (Figure 1). Thisreport will explain what TDG is, why high TDG isa
problem, and a strategy for managing it so water quality standards will be met.
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Purpose of, and Authority for, TMDL

Compliance with Clean Water Act

The border between the states of Washington and Oregon follows the geographic center of the
Columbia River mainstem for most of the river from the Wallula Gap (afew miles below the
confluence of the Snake and Columbiarivers) to its mouth. Both states have adopted water
quality standards for TDG to protect aquatic life. This entire reach of theriver is out of
compliance with the TDG water quality standard both for the state of Oregon and the state of
Washington. In both states the river islisted on their 1998 lists of waterbodies failing to meet
standards pursuant to Section 303(d) of the federal Clean Water Act. Asaresult of the standards
exceedances and subsequent listings, this TMDL is being prepared jointly by Oregon and
Washington.

Although Oregon and Washington only have authority over the waters within their boundaries,
under federal law each state must meet the standards of the other where the waters are shared,
such asin the Lower ColumbiaRiver. Therefore, the goal of this TMDL isto provide asingle
TMDL analysis and implementation plan that both states agree to, which will then be
implemented by each state with their unique authorities.

A TMDL determines the quantity (load) of a pollutant that can enter awaterbody and still meet
water quality standards. Thisload is then alocated among the various sources. An
implementation component (in Washington, Summary Implementation Strategy or SIS) is
included to identify actions that appropriate agencies and stakeholders (in Oregon, Designated
Management Agencies or DMAS) will undertake to achieve the allocated loads.
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The TMDL, as described in this document, must be submitted to the U.S. Environmental
Protection Agency (EPA) for their approval. Oregon and Washington each operate under a
Memorandum of Agreement with EPA, which guidesthe TMDL submittal. This document has
been organized by Oregon’ s guidelines, but Table 1 outlines the components of Washington’s
TMDL submittal and how they match up.

Table1l: Comparison of Oregon’sand Washington’s TMDL Submittal Format

State of Oregon State of Washington

Table of Contents (Optional)

List of Tables (Optional)

List of Illustrations (Optional)
Acknowledgement (Optional)
Executive Summary (Optional)
Introduction Introduction
Purpose of, and Authority for, TMDL Introduction
Geographic Extent Background

TDG Water Quality Standards Applicable Criteria
Basin Assessment Background

Deviation of Ambient Conditionsfrom | Water Quality and Resource Impairments
Water Quality Standards

L oading Capacity Technical Analysis; Loading Capacity
Identification of Sources Technical Analysis

Load Allocations Load and Wasteload Allocations
Margin of Safety Margin of Safety

Seasonal Variations Seasonal Variation

Implementation Plan Summary Implementation Strategy
References and Bibliography References Cited

Coordination with Endangered Species Act

In Oregon and Washington, a TMDL is a planning tool, not arule of law or other stand-alone
enforceable document. It does not take precedence over the federal Endangered Species Act,
Indian Treaties, or federal hydropower system enabling legislation. It takes no action that would
trigger areview under the National Environmental Policy Act or Washington State
Environmenta Policy Act. TMDLs may be used to condition exemptions, modifications,
variances, permits, licenses, and certifications.

There is much overlap between this TMDL established pursuant to the federal Clean Water Act
and anadromous fish passage for salmonids listed as threatened or endangered under the
Endangered Species Act, administered by the National Marine Fisheries Service (NMFS). Itis
therefore important that there is a clear understanding of the requirements of thisTMDL relative
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to measures required by Biological Opinionsissued in relation to the threatened and endangered
species of the Snake and Columbiarivers.

The 2000 Federal Columbia River Power System (hydrosystem) Biological Opinion requires that
the action agencies (U.S. Army Corps of Engineers, Bonneville Power Administration, and the
U.S. Bureau of Reclamation) meet specific hydrosystem biological performance standards for
both adult and juvenile salmon. The purpose of these standardsis to help reverse the downward
trend in listed salmon populations and therefore ensure viable salmon resources in the Columbia
River Basin. Thejuvenile hydrosystem goals are one part of athree-tiered approach to assessing
performance of implementation of the Reasonable and Prudent Alternative Section items
presented in the Biological Opinion. These hydrosystem standards are combined with standards
for harvest, habitat, and hatcheries and other life stage indicatorsto arrive at a population level
standard.

The hydrosystem survival performance standards can be met by a combination of controlled
spills, fish passage facilities to divert juvenile salmon from passing through the turbines, or
juvenile transportation by truck or barge. Due to the current configuration of the hydroelectric
projects along the Columbia and Snake rivers, NMFS sees spill as the safest, most effective tool
available. However, these performance standards are not being met at the current
implementation level of the spill program. Therefore, in the short-term, structural gas abatement
solutions may result in higher spills rather than lower TDG levels. But as new, more effective
fish passage facilities are completed and evaluated, their contribution to the attainment of
hydrosystem performance standards will hopefully allow spill levels for fish passage and
associated TDG levelsto be reduced, but only as long as the performance standards are met.

Spills for fish passage under the Biological Opinion cause TDG supersaturation above the

110 percent criterion. The state water quality standards are meant to be sufficiently protective so
asto prevent damage to beneficia use of the state waters. The effects of elevated dissolved gas
on migrating juvenile and adult salmon due to voluntary spill have been monitored each year of
spill program implementation. Based on five years of data from the biological monitoring
program, the average incidence of gas bubble disease signs has been low, although the state-
allowed maximum TDG due to spill was 120 percent in the tailrace and 115 percent in forebays.
From 1995 to 1996, only 1.6 percent of all the juveniles sasmpled, nearly 200,000 fish, showed
signs of disease (Schneider, 2001). These results suggest that, in weighing the benefit gained in
increased salmon survival by spills for fish passage against the benefit to the beneficial use from
strict adherence to the standard, it would be reasonable to find flexibility in application of the
standards.

In summary, the provisions of both Acts must be met. Notwithstanding that, it is not the purpose
of the Clean Water Act to usurp functions properly undertaken pursuant to the Endangered
Species Act. On the contrary, the Endangered Species Act contains provisions that encourage
EPA to consult with NMFS prior to approval of a TMDL that affects ESA-listed speciesto
ensure the TMDL is consistent with species recovery goals. The 2000 Biological Opinion issued
pursuant to the Endangered Species Act requires attainment of certain fish passage performance
standards. One of the means of attaining these is through spilling water over hydroel ectric dam
spillways. This action, though, resultsin elevated TDG. Control of TDG is the purpose of this
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TMDL. The Clean Water Act does not envisage trade-offs of fish passage for TDG; it requires,
rather, attainment of water quality standards. Thisisone of the significant challenges posed by
thisTMDL.

This TMDL must be written to reflect ultimate attainment of the TDG water quality standard.
Fish passage requirements can be facilitated under an implementation plan, but the clear
expectation of the Clean Water Act is that water quality standards will be attained in alimited
amount of time. NMFS and EPA have been discussing how to meet biological performance
standards under the Endangered Species Act at the same time as meeting the water quality
standards of the Clean Water Act. However, the primary purpose of this TMDL must be to
comply with the Clean Water Act, although finding a means of compliance with both lawsis aso
agoal.
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Geographic Extent

This TMDL applies to the Columbia River mainstem from the confluence of the Snake and
Columbiariversto its mouth at the Pacific Ocean.

The laws of the state of Oregon apply to the river’s southern half from its point of entry into
Eastern Oregon from the state of Washington. Thistakesin seven river segments as follows:

e Themouth to Tenasillahe ISland. Segment number COLUO

* Tenasllahe Iland to Willamette River. Segment number COLUQ37

*  Willamette River to Bonneville Dam. Segment number COLU102.

* Bonneville Dam to The Dalles Dam. Segment number COLU146.

* The Dalles Dam to John Day Dam. Segment number COLU191.6.

» John Day Dam to McNary Dam. Segment number COLU215.6.

* McNary Dam to the Washington border. Segment Number COLU292.

These seven segments fall on the Columbia River mainstem. The hydrologic unit code for the
ColumbiaBasinis 1707. All of these waters have been identified asimpaired and have been
included on Oregon’s 1998 303(d) list.

The laws of the Washington apply to the entire Columbia River from the mouth of the Snake
River to the Oregon border in Wallula Gap, and to the northern half of the river from there to the
mouth. All of these waters have been included on Washington's 1996 303(d) list, and have been
identified as impaired or have been included on Washington's 1998 303(d) list. The segments
covered by thisTMDL arelisted in Table 2, along with the Water Resource Inventory Area
(WRIA) and Waterbody Identification (WBID) numbers.

TMDLs are also planned for the Lower Snake River (Clearwater River to confluence with the
Columbia River), and for the Mid-Columbia River (Canada border to confluence with Snake
River). Thosetwo TMDLSs at their downstream end will address compliance with this TMDL at
its upstream end.
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Table2: Washington'sLower Columbia River TDG Listed and Impaired Segments

1996 1998 1998
Segment WRIA WBID 303(d) 303(d) | impaired but
description listings listings unlisted
Bonneville Dam to (24 -28) | WA-CR-1010 1
Mouth
Willapa 24 NN57SG 1
Grays-Elokoman 25 NN57SG 1
Cowlitz 26 NN57SG 1
Lewis 27 NN57SG 1
Salmon-Washougal 28 NN57SG 6
McNary Dam to (28-31) | WA-CR-1020 1
Bonneville Dam
Salmon-Washougal 28 NN57SG 2
Wind-White Salmon 29 NN57SG 1
Klickitat 30 NN57SG 3
Rock-Glade 31 NN57SG 3
Oregon Border to (31) WA-CR-1026 1
McNary Dam
Rock-Glade 31 NN57SG 2
Snake River to (31-32) | WA-CR-1028
Oregon Border
Rock-Glade 31 NN57SG 1
WallaWala 32 NN57SG 1
Totals 3 19 4
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Total Dissolved Gas Water Quality Standards

For waters that are shared by two states, water quality must meet the standards of both states.
For this TMDL, the standards of the two states are virtually identical.

State of Oregon Standards

Oregon’s Water Quality Standards are contained in Oregon Administrative Rules (OAR) 340,
Division 41. The standards relevant to the total dissolved gas (TDG) TMDL [OAR 340-041-
0205(2)(n)] are:

(A)  Theconcentration of total dissolved gas relative to atmospheric pressure at the point of
sampl e collection shall not exceed 110 percent of saturation, except when stream flow
exceeds the ten-year, seven-day average flood. However, for Hatchery receiving waters
and water s of less than two feet in depth, the concentration of total dissolved gasrelative
to atmospheric pressure at the point of sample collection shall not exceed 105 percent of
saturation;

(B)  The Commission may modify the total dissolved gas criteria in the Columbia River for the
purpose of allowing increased spill for salmonid migration. The Commission must find
that:

) Failure to act would result in greater harmto salmonid stock survival through in-
river migration than would occur by increased spill;

(i) The modified total dissolved gas criteria associated with the increased spill
provides a reasonable balance of the risk of impairment due to elevated total
dissolved gas to both resident biological communities and other migrating fish
and to migrating adult and juvenile salmonids when compared to other options
for in-river migration of salmon;

(i)  Adequate data will exist to determine compliance with the standards; and

(iv)  Biological monitoring isoccurring to document that the migratory salmonid and
resident biological communities are being protected.

(C©)  The Commission will give public notice and notify all known interested parties and will
make provision for opportunity to be heard and comment on the evidence presented by
others, except that the Director may modify the total dissolved gas criteria for
emergencies for a period not exceeding 48 hours;

(D)  The Commission may, at its discretion, consider alternative modes of migration.

"Commission” means the Oregon State Environmental Quality Commission.

State of Washington Standards

Washington’s Water Quality Standards, Chapter 173-201A Washington Administrative Code
(WAC), classify the reaches of the Columbia River covered by thisTMDL asClassA. The
following standards specifically apply to this TMDL.:
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WAC 173-201A-030:
Total dissolved gas shall not exceed 110 percent of saturation at any point of sample collection.
WAC 173-201A-060:

(4)(a) The water quality criteria herein established for total dissolved gas shall not apply when
the stream flow exceeds the seven-day, ten-year frequency flood.

(b) The total dissolved gas criteria may be adjusted to aid fish passage over hydroelectric dams
when consistent with a department approved gas abatement plan. This gas abatement plan must
be accompanied by fisheries management and physical and biological monitoring plans. The
elevated total dissolved gas levels are intended to allow increased fish passage without causing
more harm to fish populations than caused by turbine fish passage. The specific allowances for
total dissolved gas exceedances are listed as special conditions for sections of the Shake and
Columbia riversin WAC 173-201A-130 and as shown in the following exemption:

Soecial fish passage exemption for sections of the Shake and Columbia rivers. When spilling
water at damsis necessary to aid fish passage, total dissolved gas must not exceed an average of
one hundred fifteen percent as measured at Camas/Washougal below Bonneville damor as
measured in the forebays of the next downstream dams. Total dissolved gas must also not
exceed an average of one hundred twenty percent as measured in the tailraces of each dam.
These averages are based on the twelve highest hourly readings in any one day of total dissolved
gas. Inaddition, thereisa maximum total dissolved gas one hour average of one hundred
twenty-five percent, relative to atmospheric pressure, during spillage for fish passage. These
special conditions for total dissolved gas in the Shake and Columbia rivers are viewed as
temporary and are to be reviewed by the year 2003.

(c) Nothing in these special conditions allows an impact to existing and characteristic uses.

The “ten-year, seven-day average flood” or “seven-day, ten-year frequency flood” are usually
termed the “7Q10” flood flows.

The criteriain WAC section 173-201A-060 are sometimes termed the “waiver” TDG limits for
fish passage. Oregon establishes “waiver” limits on an annual basis using the procedures
outlined above. Since the Oregon waiver limits are established annually, and the Washington
waiver limits are to be viewed as temporary, this TMDL cannot use the waiver limitsas a
compliance endpoint. TMDLs must by law ensure compliance with the existing permanent
standards. There are separate processes to revise the water quality standards and establish new
criteria. If the TDG standards are ever revised in away that affects this TMDL, then the TMDL
would need to be revisited and modified at that time.
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Basin Assessment

Total dissolved gas (TDG) levels can be increased above the water quality criteria by spilling
water over spillways of dams on the Columbia River. These are the magjor sources of elevated
TDG in the Columbia mainstem. There are avariety of other waysthat TDG may be elevated:
passage of water through turbines, fishways, or locks; and natural processes such alow
barometric pressure, high water temperatures, or high levels of biological productivity.
However, the vast majority of the high TDG levels found in the Columbia River are caused by
spills from dams. Man-made sources other than spill are minor, and can be considered
negligible. Natural processes may have a significant effect on TDG, and are addressed in setting
load allocations.

Spill at dams occurs for several reasons:

1. To enhance downstream fish passage (to meet “Performance Standards’ for fish survival
under the Endangered Species Act).

2. To bypass water that exceeds the available hydraulic capacity of the powerhouse due to:
» Highriver flows.
» Lack of power market.
* Maintenance, break-down, or other reasons.

Thefirst type of spill is sometimes called “voluntary spill”, while the second types are termed
“involuntary spills’. Figure 2 illustrates the typical configuration of adam on the Lower
ColumbiaRiver.

Hydraulic
Head

M=x. Forebay

-1 in. Forebany

4 1F‘marhousa
Ll

Figure 2: Typical Dam Configuration

Spill for Fish Passage

Spill for purposes of fish passage involves water deliberately released over dam spillways, rather
than being discharged through turbines or fish bypass facilities. The intent isto reduce turbine
and bypass mortalities. For example, Schoeneman et a. (1961) found that mortality in Chinook
juveniles spilled over McNary Dam (Columbia River) and Big Cliff Dam (Santiam River) was
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less than two percent. Subsequent studies confirmed this estimate, and research is ongoing.
The requirement for spring and summer spillsto pass juvenile salmon was included in the 1995
and 2000 Biologica Opinions for the Columbia River dam operations. To comply with these
Biological Opinions, Oregon and Washington have established the waiver TDG limitsto alow
limited fish passage spill.

In Oregon, the Environmental Quality Commission has granted variances to the TDG standard to
enable spill for salmonid juvenile passage for species listed under the federal Endangered
Species Act. This has occurred annually since 1994. Variances usually require TDG levels not
exceed 120 percent saturation relative to atmospheric pressure in the tailrace of the spilling dam,
and 115 percent TDG saturation relative to atmospheric pressure as measured in the forebay of
the next dam downstream. Variance periods usually extend from the middle of April through the
end of August each year. Additional variances have been granted each year for spill over
Bonneville Dam for up to ten days each March to assist with passage of the Spring Creek
National Fish Hatchery Tule Chinook release. One variance has also been given for John Day
Dam to enable testing of flow deflectors.

Washington’s approach to conform with the Biological Opinion was to adopt arule revision
specifying the TDG criteriafor fish passage spill (see above). These waiver limits have
generally been identical to Oregon’s annual variances.

Involuntary Spill

Like spillsfor fish passage, involuntary spill involves water being discharged over dam
spillways. The causes and intended consequences, though, are different. Asits hame suggests,
there is no choiceinvolved in "involuntary” spill. At times of very high river flows, the quantity
of water exceeds the capacity of adam to either temporarily store the water upstream of the dam
or pass the water through its turbines. In these circumstances, water is released over the
spillway, because there is nowhere else for it to go. The Columbia River hydropower systemin
Washington and Oregon is somewhat unique in that regard. With the exception of Washington’s
Grand Coulee Dam, it contains very little storage potential relative to the quantity of spring
runoff. At times of rapid runoff, the dams cannot constrain the quantity of water, and it is spilled
with attendant high TDG levels. Often dissolved gas levels from involuntary spill exceed those
experienced during periods of spill for fish. However, high river flows under these
circumstances are often in excess of the 7Q10 high flow, in which case the TDG standard would

not apply.

Involuntary spill as aresult of lack of power market is avariant of the above. In this scenario,
the power marketing authority cannot sell any more power, and even though turbines are
available, water is released over the spillway because there is nowhere for electricity generated
to go. Running water through the turbines with no load increases wear and tear with attendant
higher maintenance costs, and also may reduce fish survival. Lack of power load demand can
occur at times of both high and low flows (e.g., in the spring or fall when power demands are
low both in California and the Pacific Northwest). Also releases from upstream storage dams
during high load times (morning and evening) can result in high flows at downstream dams
during low load times (middle of the night), causing an involuntary spill.
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Involuntary spill can also occur at low flows when powerhouses are taken off-line for
maintenance, breakdown, or other needs. Maintenance is usually scheduled to prevent a spill, by
doing maintenance on one or two generating units at atime during low power demand periods.
Nonetheless, releases from upstream dams can complicate management of spills during
powerhouse maintenance. Also, unscheduled maintenance and repairs sometimes occur, which
may require a powerhouse shut-down and involuntary spill.

In general, involuntary spill conditions at the “run of the river” dams may result from reservoir
control and power marketing decisions made by the federal project operators having storage
capacity upstream. Improved accuracy in water forecasting could help avoid understating or
overstating available water supply, which could cause the federal project operators to spill water
because they left too little or too much room in the reservoirs. Additionaly, a water
management plan could also identify uncoordinated releases and manage intra-day fluctuations
inriver flows. These events often result in isolated involuntary spill events, because reservoir
elevation must be maintained within limits at run of the river projects.
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Deviation of Ambient Conditions from
Water Quality Standards

TDG Generation from Spills

Spills for fish passage typically occur during the spring and summer months. During periods of
fish spills, deviations of ambient conditions from the water quality standard are frequent but
usually small. Thisis because spill quantities are managed to meet the waiver levelsfor fish
passage: either variances granted by the state of Oregon or Washington's Special Conditions
(described above). For the past six years, Oregon has granted a variance to its water quality
standard for TDG to facilitate fish passage. These variances are virtualy identical to
Washington’s Special Conditions, which allow TDG levelsto rise to 120 percent of saturation
relative to atmospheric pressure in the tailrace of the dam that is spilling, and 115 percent in the
forebay of the next dam downstream.

The excursions beyond this level usually have been no more than one or two percent above the
variance request, and occur as aresult of the imprecision in reproducing exact TDG levels at
specific spillway gate set points due to al the sources of TDG variability described. Generally,
the fishery management agencies have sought spill quantitiesin order to remain right at the
TDG variance limit at the fixed monitoring station sites. Any small change in conditions that
influence TDG, such as change in barometric pressure, water temperature, incoming gas, tota
river flow or tailwater elevation will cause an exceedance when operated thisway. Also, these
levels do not meet the 110 percent criterion of either state.

Involuntary spills can occur at any time. Involuntary spills caused by river flows above
powerhouse capacity are most likely to occur from late fall to early summer, depending on
rainfall or snowmelt in the tributary watersheds. However, high flows could also occur due to
releases from upstream dams with significant storage, such as Grand Coulee or the Canadian
dams. Involuntary spill dueto low power demand is most likely in the spring, although thisis
also dependent on regional power management by the Bonneville Power Administration. Loss
of powerhouse capacity to maintenance or repair is usually scheduled so that no more than one or
two turbines are out at any given time, but an emergency powerhouse shutdown and spill could
occur at any time as the result of afire or other disaster.

At times of involuntary spill, exceedances above the standard can rise dramatically, peaking
above 130 percent of saturation, and even 140 percent. Absolute TDG pressures at these levels,
which usually only occur in shallow waters, can be lethal to fish. Usually fish are protected from
fatal pressuresin deeper waters by compensation from hydrostatic pressures, which reduces
absolute TDG levels.

For all spills, the highest TDG levels, and therefore the area most likely to exceed standards, is
directly below the spillway. In thisarea, the plunging and air entrainment of the spill (aerated
zone) generates high levels of TDG, but then quickly degasses while the water remains turbulent
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and full of bubbles. However, as this water moves from the stilling basin into the tailrace,
degassing slows and the TDG levels stabilize.

In the pools, gas exchange rates increase as wind speeds rise, which produces degassing. If
conditions are still and TDG concentrations are constant, the percent saturation of TDG can
increase if the water temperature increases or barometric pressure drops (Figure 3). Also,
primary productivity (periods of algal growth) can increase dissolved oxygen levels, which
resultsin ahigher TDG percent saturation. However, because oxygen is metabolized by the
aguatic life, the physical effects of supersaturated oxygen are minor compared to nitrogen and
can be considered de minimus.
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Figure3: Variation in TDG Percent Saturation with Temperature and Barometric Pressure
at Constant Concentration

Due to the hydraulic properties of the spill, a proportion of the powerhouse flow entrains with
the spill and is aerated asiif it were part of the spill. Thisamount may be negligible where
physical structures separate powerhouse from spillway flows, such asislands at Bonneville Dam.
Therest of the powerhouse flow mixes with the spillway flows at varying rates, sometimes quite
slowly, as the river moves downstream from the dam. Powerhouse TDG levels are typically
identical with forebay TDG levels— very little gas exchange occurs as water passes through the
powerhouse. Therefore, if the forebay TDG levels are lower than levels below the spillway, the
powerhouse flows that mix dowly and farther downstream will reduce the TDG levelsin the
spillway waters by dilution.
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TDG Impacts on Aquatic Life

Fish and other aguatic life inhabiting water supersaturated with TDG may tend to display signs
of difficulty, especially if higher dissolved gas pressure gradients occur. Gas bubbles form only
when the TDG pressure is greater than the sum of the compensating pressures. Compensating
pressures include water (hydrostatic) and barometric pressure. For organisms, tissue or blood
pressure may add to the compensating pressures. Gas bubble development in aguatic organisms
isthen aresult of excessive uncompensated gas pressure. The primary actions which will
enhance the likelihood of bubbles forming in the fish are (1) continued exposure to the highly
saturated water, (2) rising higher in the water column bringing about a higher pressure gradient
(decreased hydrostatic pressure), (3) decreases in barometric pressure, and (4) increasing water
temperature.

The damage caused by release of gas bubblesin the affected organism istermed gas bubble
trauma or gas bubble disease. Thereisawide body of research on this condition. Effects of gas
bubble trauma include emphysema, circulatory emboli, tissue necrosis, and hemorrhagesin
brain, muscle, gonads, and eyes (Weitkamp and Katz 1980). Nebeker et a. (1976) found that
death in adults was due to massive blockages of blood flow from gas emboli in the heart, gills,
and other capillary beds. Investigatorsin the 1970s reported many and varied lesionsin fish
exposed in the 115%-t0-120% TDG range in shallow water. At higher gas exposures

(e.g., 120% to 130% TDG) death frequently ensued before gas bubble trauma signs appeared
(Bouck et al. 1976). External signs of gas bubble trauma (e.g., blisters forming in the mouth and
fins of fish exposed to chronic high gas) often disappeared rapidly after death. The signswere
largely gone within 24 hours (Countant and Genoway 1968).

Water quality standards for TDG were set at 110 percent, the threshold for chronic effects found
in the literature. The severity of gas bubble trauma increases as the absolute TDG level
increases, until at higher levelslethality can occur swiftly. However, there are a number of
factors that affect a particular organism’ s response to high TDG levels. Different species
respond to changing TDG differently, and the response also varies by life stage. Juvenile
salmonids appear to be relatively resilient compared to adults or to non-salmonids.

The duration of exposure to high TDG appears to have an impact on the severity of gas bubble
trauma symptoms. Although the standards are not specific on thisissue, defining a duration of
exposure to be applied to the criteriais appropriate. The waiver limits developed for fish
passage provide two levels: a one hour maximum, and the average of the twelve highest hourly
readings in any 24-hour period. Based on the 110 percent criteria representing chronic impacts,
use of the longer averaging period is appropriate.

Extensive research has been conducted on the effects of TDG on anadromous fishin the
ColumbiaRiver. It isbeyond the scope of this TMDL to review that literature. The Clean Water
Act requires compliance with existing standards, although existing research can be used to aid in
interpretation of those standards. A review of the standards to look at adoption of different
criteria, duration, frequency, and spatial application, if appropriate, would occur through a
completely separate process. If new standards were adopted, then the TMDL could be reviewed
and possibly revised.
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It is possible that TDG became elevated under historical natural conditions in the Columbia
River, such asbelow Celilo Falls. However, elevated TDG probably dissipated quickly as it
passed over shallows and rapids. Conditions different from natural conditions exist at the
Columbia dams that create high TDG levels. These conditions include the height of the dams,
the shape of the spillways, and the presence of the long deep pools below the dams. Allowing a
point of compliance below the aerated portion of the tailrace can be considered to reflect gas
generation patternsin a natural system.

Monitoring of TDG

Routine monitoring of instream TDG levels occur at fixed monitoring station (FMS) sites above
and below each dam. The tailwater FM S sites in some cases may be a mile or two downstream
of the dam. The FM S sites have been the primary point of compliance and assessment of TDG
levels, especially for compliance with waiver limits during fish passage spills. The locations
have been chosen for avariety of reasons, a primary one being the logistics and feasibility of
long-term monitoring. However, studies suggest that some of these sites are not collecting data
that are representative of river conditions. The FMS sites will continue to be the primary
location for determining compliance with waiver limits used for fish passage management. For
the purposes of TMDL compliance, TMDL requirements do not need to drive FM S siting issues.

The interagency Water Quality Team manages issues regarding the fish passage program and
FMS. The Water Quality Team isjointly chaired by NMFS and EPA. It ischarged with
providing technical advice and guidance on temperature and total dissolved gas water quality in
the context of the NMFS 2000 Biological Opinion relating to the Columbia River Hydropower
System. A subgroup of that team has been addressing concerns with the FM S sites, and the
appropriateness of the current FM S locations has been the subject of vigorous debate between
the resource agencies and U.S. Army Corps of Engineers within the subgroup. The subgroup has
concluded that the “representativeness’ of FMS datais a very difficult characteristic to define.
The TDG measurements at a given location in the river are influenced significantly by
environmental factors such as water temperature, biological productivity, barometric pressure,
and wind, aswell asthe spill. The Water Quality Team will continue to study and discuss these
issues in order to achieve amutually satisfactory monitoring end product.

To gain additional knowledge of TDG conditionsin the river, the Corps has conducted a number
of detailed specia studies of TDG levels below the dams (e.g., Schneider and Wilhelms, 1996;
Wilhelms and Schneider, 1997a; Wilhelms and Schneider, 1997b; Schneider and Wilhelms,
1999). These studies have shown that TDG levels measured at the FM S sites are usually lower
than levels longitudinally upstream towards the spillway, may be lower than levels|laterally
acrosstheriver if powerhouse flows are not fully mixed, and in some conditions may be lower
than levelslongitudinally downstream.
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Loading Capacity

Analysis of TDG generation processes

Introduction

The discussion that follows is taken (sometimes verbatim) from the Dissolved Gas Abatement
Study conducted by the U.S. Army Corps of Engineers, and in particular from Appendix G:
“Spillway Discharge Production of Total Dissolved Gas Pressure” (USACE, 2001a).

The material in this section provides a general overview of TDG generation processes at the
Lower Columbia River dams. Specific details may change over time as structural changes are
made to these projects. These processes provide the basis for the determination of loading

capacity.

The TDG exchange associated with spillway operation at a dam is a process that couples both the
hydrodynamic and mass exchange processes. The hydrodynamics are shaped by the structural
characteristics of spillway, stilling basin, and tailrace channel aswell as the operating conditions
that define the spill pattern, turbine usage, and tailwater stage. The hydrodynamic conditions are
influenced to a much smaller extent by the presence of entrained bubbles.

The air entrainment will influence the density of the two-phase flow and impose a vertical
momentum component associated with the buoyancy in the entrained air. The entrained air
content can result in a bulking of the tailwater elevation and influence the local pressure field.
The transfer of atmospheric gasses occurs at the air-water interface, which is composed of the
surface area of entrained air at the water surface. The exchange of atmospheric gasesis greatly
accelerated when entrained air is exposed to elevated pressures because of the higher saturation
concentrations. The pressure time history of entrained air will, therefore, be critical in
determining the exchange of atmospheric gases during spill.

The volume, bubble size, and flow path of entrained air will be dependent on the hydrodynamic
conditions associated with project releases. The bubble size has been found to be a function of
the velocity fluctuations and turbulent eddy length. The bubble size can also be influenced by
the coalescence of bubbles during high air concentration conditions. The volume of air entrained
isafunction of the interaction of the spillway jet with the tailwater. The entrained bubble flow
path will be dependent upon the development of the spillway jet in the stilling basin and
associated secondary circulation patterns. The turbulence characteristics are important to the
vertical distribution of bubbles and the determination of entrainment and de-entrainment rates.

Physical Processes

The exchange of TDG is considered to be afirst order process where the rate of change of
atmospheric gasesis directly proportiona (linear relationship) to the ambient concentration. The
driving force in the transfer processis the difference between the TDG concentration in the water
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and the saturation concentration with the air. The saturation concentration in bubbly flow will be
greater than that generated for non-bubbly flow where the saturation concentration is determined
at the air-water interface. The flux of atmospheric gasses across the air-water interfaceis
typically described by Equation 1.

J=K,(C,-C) Equation 1
Where:
J = gas flux (mass per surface area per time)
K, = the composite liquid film coefficient
C, = the saturation concentration (mass per volume)
C = the ambient concentration in water (mass per volume)

The rate of change of concentration in awell-mixed control volume, (ii_? , can be estimated by

multiplying the mass flux by the surface area and dividing by the volume over which transfer
occurs as shown by Equation 2:

a@ _ K, é(CS -C) Equation 2
dt \%

Where:

A = the surface area associated with the control volume

\% = the volume of the waterbody over which transfer occurs

This relationship shows the general dependencies of the mass transfer process. In cases where
large volumes of air are entrained, the time rate of change of TDG concentrations can be quite
large, as the ratio of surface areato volume becomeslarge. The entrainment of air will also
result in asignificant increase in the saturation concentration of atmospheric gases, thereby
increasing the driving potential over which mass transfer takes place. Outside of the region of
aerated flow during transport through the pools, the contact areais limited to the water surface
and theratio of the surface areato the water volume becomes small, thereby limiting the change
in TDG concentration. The turbulent mixing will influence the surface renewal rate and hence
the magnitude of the exchange coefficientK, .

Equation 2 can be integrated, provided the exchange coefficient, area, and volume are held
constant over the time of flow. Theinitial TDG concentration at time=0 is defined as C, and the

final TDG concentration time=t is defined as C; shown in Equation 3. The resultant
concentration C, exponentially approaches the saturation concentration for conditions where the
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term KtVA islarge. Thefinal concentration becomes independent of the initial concentration

under these conditions.

A A
I

C, =C(-e V)y+Ce Vv Equation 3

Modeling TDG Transfer

The TDG exchange process involves the coupled interaction of project hydrodynamics and mass
transfer between the atmosphere and the water column. Mechanistic models of TDG transfer
must simul ate the two-phase (liquid and gas phases) flow conditions that govern the exchange
process. Several mechanistic models have been developed to ssmulate the TDG exchangein
spillway flows.

Orlins and Gulliver (2000) solved the advection-diffusion equation for spillway flows at
Wanapum Dam for different spillway deflector designs. Physical model datawere used to
develop the hydraulic descriptions of the flow conditions throughout the stilling basin and
tailrace channel. The model results were also compared to observations of TDG pressure
collected during field studies of the existing conditions.

A second model developed by Urban et a. (2000), used the same mass transport rel ationships
together with the hydraulic descriptions associated with plunging jets. This approach does not
require the specific hydraulic information to be derived from a physical model, but it can be
applied to any hydraulic structure that has plunging jet flow. Thismodel accounted for the TDG
exchange occurring across the bubble-water interface and the water surface. This model was
calibrated to observations of TDG exchange at The Dalles Lock and Dam (The Dalles) and was
developed as part of the U.S. Army Corps of Engineers Dissolved Gas Abatement Study
(DGAYS). Thismodel successfully simulated the absorption and desorption exchange caused by
the highly aerated flow during spillway operations.

Asapart of its DGAS study, the Corps decided to use empirically derived equations of TDG
exchange, based on the recognition that data were not available to support mechanistic models of
the mass exchange process at all the projects in the Columbia/Snake River system. The greatest
unknowns associated with the development of a mechanistic model of highly aerated flow
conditions in a stilling basin revolve around the entrainment of air and subsequent transport of
the bubbles. The surface arearesponsible for mass transfer will require estimates of the total
volume and bubble size distribution of entrained air. In addition, the roughened water surfaceis
thought to contribute to the net exchange of atmospheric gasses. The pressure time history of
entrained air would also need to be accounted for to determine the driving potential for TDG
mass exchange.

A description of the highly complex and turbulent three-dimensional flow patternsin the stilling
basin and adjoining tailrace channel would need to be defined for a wide range of operating
conditions. The influence of turbulence on both the mass exchange coefficients and
redistribution of buoyant air bubbles would also need to be quantified throughout a large channel
reach and for awide range of operating conditions.
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The flow conditions generated by spillway flow deflectors have been found to be sensitive to
both the unit spillway discharge and submergence of the flow deflector. The presence of flow
deflectors has significantly changed the rate of energy dissipation in the tilling basin and
promotes the lateral entrainment of flow. These entrainment flows are often derived from
powerhouse rel eases, which reduce the available volume of water for dilution of spillway
releases.

TDG Exchange Formulation

The accumulated knowledge generated through observations of flow conditions during spill at
Columbia/Snake River projects and in-scale physical models at the Waterways Experiment
Station in Vicksburg, M S, along with mass exchange data collected during site-specific near-
field TDG exchange studies and from the fixed monitoring stations, has led to the development
of amodel for TDG exchange at dams throughout the Columbia/Snake river system for the
federa hydropower projects. The genera framework is based upon the observation that TDG
exchange is an equilibrium process that is associated with highly aerated flow conditions that
develop below the spillway. It recognizes that flow passing through the powerhouse is not
generally exposed to entrained air under pressure and, therefore, does not experience a
significant change in TDG pressure. It aso recognizes that powerhouse releases can directly
interact with the aerated flow conditions below the spillway and experience similar changesin
TDG pressure that are found in spill.

The large volume of air entrained into spillway releases initiates the TDG exchange in spill.
Thisentrained air is exposed to elevated total pressures and the resulting el evated saturation
concentrations. The exposure of the bubble to elevated saturation concentrations greatly

accel erates the mass exchange between the bubble and water. The amount and tragjectory of
entrained air is greatly influenced by the structural configuration of the spillway and the energy
associated with a given spill.

The presence of spillway flow deflectors directs spill throughout the upper portion of the stilling
basin, thereby preventing the plunging of flow and transport of bubbles throughout the depth of
the stilling basin. Spillway flow deflectors also greatly change the rate of energy dissipation in
the stilling basin, transferring greater energy and entrained air into the receiving tailrace channel.

Generally, spill water experiences arapid absorption of TDG pressure throughout the stilling
basin region where the air content, depth of flow, flow velocity, and turbulence intensity are
generdly high. Asthe spillway flows move out into the tailrace channel, the net mass transfer
reverses and component gases are stripped from the water column as entrained air risesand is
vented back to the atmosphere. The region of rapid mass exchangeis limited to the highly
aerated flow conditions within 1,000 feet of the spillway.

In general, downstream of the aerated flow conditions, the major changes to the TDG pressures
occur primarily through the redistribution of TDG pressures through transport and mixing
processes. Thein-pool equilibrium process established at the water surface is chiefly responsible
for changesto the total TDG loading in the river.
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One of the more important observations regarding TDG exchange in spillway flow isthe high
rate of mass exchange that occurs below a spillway. The resultant TDG pressure generated
during aspill isamost entirely determined by physical conditions that develop below the
spillway and is effectively independent from theinitial TDG content of this water in the forebay.
The TDG exchange in spill is not acumulative process where higher forebay TDG pressures will
generate yet higher TDG pressures downstream in spillway flow. The TDG exchangein spill is
an equilibrium process where the time history of entrained air below the spillway will determine
the resultant TDG pressure exiting the vicinity of the dam.

One consequence of this observation is that spilling water can result in anet reduction in the
TDG loading in asystem if forebay levels are above a certain value. Thiswas acommon
occurrence at The Dalles during the high-flow periods during 1997 where the forebay TDG
exceeded 130 percent saturation. A second consequence of the rapid rate of TDG exchangein
spill flow isthat the influence from upstream projects on TDG loading will be passed
downstream only through powerhouse releases. |If project operations call for spilling ahigh
percentage of the total river flow, the contribution of TDG loading generated from upstream
projects will be greatly diminished below this project.

Given the conceptual framework for TDG exchange described above, the average TDG pressures

generated from the operation of a dam can be represented by the mass conservation statement
using TDG pressure shown in Equation 4:

— (Qsp + Qe) Psp + (Qph - Qe) I:)ph

Py Equation 4
Qsp + Qph
Where:
Qy = Spillway discharge [thousands of cubic feet per second (kcfs)]
Qo = Powerhouse discharge (kcfs)
Q. = Entrainment of powerhouse discharge in aerated spill (kcfs)
Qe = Qe +Q.
= Effective spillway discharge (kcfs)
Qtot = Qsp + Qph
= Total river flow (kcfs)
P = TDG pressure rel eases from the powerhouse [mm Hg]
Py = TDG pressure associated with spillway flows (mm Hg)
Py = Average TDG pressure associated with all project flows (mm HQ)

This conservation statement assumes the water temperature of powerhouse and spillway flows
are similar, and that the heat exchange during passage through the dam and aerated flow region
isminimal. Some projects have other water passage routes besides the powerhouse and spillway,
such asfish ladders, lock exchange, juvenile bypass systems, and other miscellaneous sources.
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These sources of water have generaly been lumped into powerhouse flows and are not
accounted for separately.

Equation 4 contains three unknowns: Q, = powerhouse entrainment discharge, P,, =TDG
pressure associated with spillway flows, and P, =TDG pressure associated with powerhouse

releases. The TDG pressure associated with the powerhouse release is generally assumed to be
equivalent to the TDG pressure observed in the forebay. Numerous data sets support the
conclusion that turbine passage does not change the TDG content in powerhouse releases. All of
the near-field TDG exchange studies have deployed TDG instruments in the forebay of a project
and directly below the powerhouse in the water recently discharged through the turbines. An
example of thistype of datais shown in Figure 4 during the 1998 post-deflector John Day Lock
and Dam (John Day) TDG exchange study (Schneider and Wilhelms, 1999a).
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Figure4: TDS Saturation in the Forebay and Below the Power house Draft Tube Deck of
John Day Dam, February 1998

The TDG instruments were deployed in the forebay of John Day (station FB1P) and in the
taillwater below powerhouse draft tube deck (station DTD1P and DTD2P), near the fish outfall
(FISHOUTP). The TDG pressure was logged on a 15-minute interval at each of these stations
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throughout the testing period. All four stations recorded the same TDG saturations throughout
the testing period, even during operating events calling for spilling nearly the entire river on
February 11 and 12. The TDG pressure from the forebay and tailwater fixed monitoring stations
should also be similar during periods of no spill, provided that these stations are sampling water
with similar water temperatures. In cases where aturbine aspirates air or air isinjected into a
turbine to smooth out operation, the above assumption will not hold.

Spillway TDG Exchange

The TDG exchange associated with spillway flows has been found to be governed by the
geometry of the spillway (standard or modified with flow deflector), unit spillway discharge, and
depth of thetailrace channel. The independent variable used in determining the exchange of
TDG pressurein spillway releasesisthe delta TDG pressure (AP ) defined by the difference
between the TDG pressure ( B, ) and the local barometric pressure (P,,,,) aslisted in Equation 5.

The selection of TDG pressure as expressed as the excess pressure above atmospheric pressure
accounts for the variation in the barometric pressure as a component of the total pressure.

AP =R, —-P Equation 5

g atm

Restating the exchange of atmospheric gases in terms of mass concentrations introduces a second
variable (water temperature) into the calculation. The added errorsin calculating the TDG
concentration as a function of temperature and TDG pressure were the main reasons for using
pressure as the independent variable. The TDG concentration would also vary seasonally with
the change in water temperature.

The TDG pressure is often summarized in terms of the percent saturation or supersaturation. The
TDG saturation (S, ) is determined by normalizing the TDG pressure by the local barometric

pressure as expressed as a percentage. The delta pressure has always been found to be a positive
value when spillway flows are sampled. The TDG saturation (S, ) is determined by Equation 6.

P
Sy, = 1 #100 = (Fan *2P)

atm atm

*100 Equation 6

Unit Spillway Discharge

The TDG exchange associated with spillway flows has been found to be a function of unit
spillway discharge (q,) and the tailrace channel depth (D,, ). The unit spillway dischargeisa
surrogate measure for the velocity, momentum, and exposure time of aerated flow associated
with spillway discharge. The higher the unit spillway discharge, the greater the TDG exchange
during spillway flows. An example of the dependency between the change in TDG pressure and
unit spillway dischargeis shown in Figure 5 at Ice Harbor Lock and Dam (Ice Harbor).
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Figure5: TDG Pressure (Delta P) asa Function of Unit Spillway Discharge and Tailwater
Elevation at |ce Harbor Dam, March 1998

Thisfigure shows two sets of tests involving a uniform spill pattern over eight bays with flow
deflectors. The two sets of tests were distinguished only by the presence of powerhouse releases.
In both cases, the resultant spill TDG pressure was found to be an exponentia function of the
unit spillway discharge. The determination of a single representative unit discharge becomes
problematic in the face of a non-uniform spill pattern. The flow-weighted specific discharge was
found to be a better determinant of spillway TDG production in cases where the spill patternis
highly non-uniform. The flow-weighted unit discharge places greater weight on bays with the
higher discharges. The following Equation 7 describes the determination of the specific
discharge used in the estimation of TDG exchange relationships:

Where:

a
Qi

nb )
2.Q
i=1

nb

Q

i=1

g = Equation 7

Specific discharge (flow-weighted unit discharge)
Flow for spill bay i (for nb number of bays)
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Depth of Flow

The large amount of energy associated with spillway releases has the capacity to transport
entrained air throughout the water column. In many cases, the depth of flow is the limiting
property in determining the extent of TDG exchange below a spillway. An example of the
influence of the depth of flow on TDG exchange is shown in Figure 4 at Ice Harbor. The only
difference between the two sets of data in this figure was the presence of powerhouse flow.

The events with powerhouse flow resulted in higher TDG pressure than comparable spill events
without powerhouse releases at higher spillway flows. The observed tailwater elevation is also
listed in Figure 4 for each test event. The tailwater elevation was about five feet higher during
the events corresponding with powerhouse operation.

The depth of flow in the tailrace channel was hypothesized to be more relevant to the exchange
of TDG pressure than the depth of flow in the stilling basin because of the influence of the flow
deflectors and resultant surface jet, and the high rate of mass exchange observed below the
stilling basin. The average depth of flow downstream of the spilling basin was represented as the
difference between the tailwater elevation as measured at the powerhouse tailwater gauge and
the average tailrace channel elevation within 300 feet of the stilling basin. The tailrace channel
reach within 300 feet of the stilling basin was sel